Energy differences between analogue states in the T ¼ 1=2 23
Radii of atomic nuclei are strongly influenced by the nucleons arrangement in the valence orbitals. In particular, it has recently been shown [1] that low-l orbitals extend much farther than their partners in a main shell. Therefore, the variation of the occupation numbers of neutron and protons in low-l orbits as a function of the angular momentum of the nucleus has an important impact on the evolution of the neutron and proton radii and of their difference, i.e., the neutron skin.
Direct measurements of the nucleon distribution of shortlived excited states are not feasible. However, the neutron skin affects structural properties as, for example, the difference in excitation energy of analog states in nuclei with exchanged numbers of protons and neutrons, the socalled mirror energy differences (MED) . The study of the MED becomes thus a powerful indirect method to access the nuclear radii and skin.
MED have been exploited extensively as a tool to understand the evolution of the nuclear structure properties as a function of the angular momentum and to test the isospin symmetry of the strong interaction in the nuclear medium [2, 3] . Systematic studies of the behavior of the MED as a function of the angular momentum have been performed in the f 7=2 shell up to rather high spin. A theoretical shell-model description, using an effective charge-independent nuclear interaction plus Coulomb matrix elements, has shown to reproduce very accurately the available data, provided two correction terms are included: (i) a monopole Coulomb contribution that takes into account the change of radius of the nuclei with increasing angular momentum and excitation energy [4] , and (ii) a schematic isospin symmetry-breaking (ISB) term [2] . This latter term is not compatible with the ISB of effective interactions deduced from realistic charge-dependent nucleon-nucleon potentials. Indeed, it has been shown that they fail to reproduce the MED data [5] .
The success of the studies of MED in the f 7=2 shell relies on the good amount of data. On the other hand, the experimental information in other shells is scarce and limited to few states, as the neutron-deficient partners become rapidly unbound. In the low sd shell, however, the development of deformation offers the possibility to study the MED along several yrast states in rotational bands and to establish if the radial and ISB correction terms, deduced for the f 7=2 shell, constitute a general and robust feature.
Here we report new experimental results for MED up to rather high spin for the mirror pair 
Mg-

23
Na, which presents ground-state rotational-like bands. This allows us to test the validity of the theoretical description used in the f 7=2 shell and to apply for the first time an alternative approach based on a realistic chiral nucleon-nucleon interaction. Prior to this study, γ-ray spectroscopy information on the 23 Na nucleus extended up to spin 17=2 þ at 11.1 MeV, has been reported by Jenkins et al. [6] . In the same work, the nucleus 23 Mg was observed up to J π ¼ 13=2 þ at 7.1 MeV. Early studies based on neutron and charged-particle spectroscopy tentatively assigned levels up to J π ¼ 21=2 þ in 23 Na [7] Si compound nucleus. Charged particles were detected by the 4π array DIAMANT, composed of 80 CsI scintillators [9] . Neutrons were identified by the Neutron Wall [10] , consisting in 50 BC501A scintillators. The γ rays emitted in the deexcitation of the evaporation residues were detected by the EXOGAM array [11] composed of ten Comptonsuppressed HPGe segmented clover detectors: seven placed at 90°and three at 135°. Events were sorted off-line into E γ − E γ matrices in coincidence with the evaporated particles. To improve the Doppler correction, an eventby-event kinematical reconstruction of the velocity vector of the recoiling nuclei was performed. In Fig. 1 Mg in coincidence with one α particle and one proton and one α particle and one neutron, respectively. A sum of gates on the 440 and 627 keV and on the 450 and 663 keV transitions in To theoretically analyze the MED we follow, as a first approach, the method successfully adopted in the f 7=2 shell and reported in Refs. [2, 3] . The MED as a function of the angular momentum J are obtained, in first order perturbation theory, as the sum of the Coulomb multipole V CM and monopole V Cm terms and an additional ISB term, called V B :
where Δ indicates the difference between the analogue states with angular momentum J of the two mirror nuclei. The isospin-symmetric nuclear effective interaction USD [12] has been used in the shell model calculations. The multipole Coulomb matrix elements of V CM have been obtained in the harmonic-oscillator basis and the singleparticle energies have been corrected to include the monopole effects arising from the electromagnetic spinorbit interaction [13] and the orbital term [14] . Two additional terms, the monopole Coulomb V Cm and the isovector ISB V B , have been introduced in Refs. [2, 4] and constitute an essential ingredient to reproduce the large amount of data in the f 7=2 shell. The V Cm term takes into account the Coulomb effects due to changes in the nuclear radius as a function of the angular momentum. Radii are strictly dependent on the occupation of the valence orbitals. In the fp shell this term was parametrized by considering that changes of the radius depend on the variation of the occupation of the p orbitals, which have larger radii than the f ones [4] . This has been recently discussed in detail in Ref. [1] . Indeed, the effect is still larger in the sd shell between the s and the d orbits [1, 15] . In describing the MED for A ¼ 23 we thus estimate this term from the variation of the average of the occupation number m ¼ ðz þ nÞ=2 of protons and neutrons of the s 1=2 orbit with respect to the ground state (g.s.): ΔhV Cm i J ¼ a r ½m s 1=2 ðg:s:Þ − m s 1=2 ðJÞ, with a r ¼ 200 keV, the same value used for the f 7=2 shell [3] .
The V B term has been deduced in Refs. [2, 3] from the MED data of the A ¼ 42 mirrors and revisited in a recent work by Bentley et al. [16] . We adopt a similar parametrization:
where the V ii operators have just 3 matrix elements different from zero with unit value: those of two identical nucleons in the same orbit coupled to I ¼ 0. Here, at variance with the nuclei in the f 7=2 where this orbital dominates the wave functions, we consider the three sd orbitals on the same footing.
Calculations have been performed with the code ANTOINE [17] . The contributions of the different terms to the MED are reported in Fig. 3 . The trend of the experimental MED is well reproduced by the Coulomb multipole term V CM . However, it is clear that the radial term V Cm and the ISB term V B are needed to better reproduce the experimental data, excluding the 15=2 þ state where they worsen the fit. When trying a similar description of other MED in the sd shell, although data are limited to lower spins, the inclusion of these two terms with the same parametrization seems to improve the description of MED data [18] . We can therefore conclude that both the radial V Cm and the ISB V B terms deduced for the f 7=2 shell are not confined to this orbital but constitute a more general feature.
The second approach we follow here is inspired by the recent theoretical work by Bonnard et al. [1] , where mirror nuclei consisting on a closed-shell core plus a particle or a hole have been studied. By adopting the charge-dependent effective interaction (MCI) [15] , derived from the chiral N3LO realistic nucleon-nucleon potential [19] in a no-core approach, all electromagnetic and nuclear ISB contributions are naturally included. Two important mechanisms have been put in evidence by Bonnard and collaborators in Ref. [1] : (i) when a particle is added to a system it drives the radii of neutrons and protons in different directions, tending to equalize the radii of both fluids independently of the neutron excess [isovector monopole polarizability (IMP)]; and (ii) the low-l orbits in a main shell have a much larger radius than the rest. These two mechanisms are at the basis of the radial term V Cm empirically adopted above. Indeed, we have accounted for the change in radius by considering the variation of (i) the average number of protons and neutrons in the (ii) s orbit. Still there is an important ingredient missing in that approach: the nuclear skin. Indeed, while the IMP effect tends to reduce the skin, its value is not at all vanishing and we will show that the MED can give an insight into the nuclear skin and its evolution as a function of the angular momentum.
We apply here, for the first time, the approach introduced for one valence nucleon in Ref. [1] to deformed nuclei where several valence particles are active and interact with PHYSICAL REVIEW LETTERS 121, 032502 (2018) 032502-3 each other. The isovector monopole polarizability is here taken into account by calculating the matrix elements of the MCI interaction in the harmonic oscillator basis considering a different size parameter for protons and neutrons in both mirror partners. The size parameters ℏω π;ν are inversely proportional to the respective radii ρ π;ν [1, 14] . Now, the proton radius ρ π< of the Z < N nucleus
Na is known experimentally and isospin symmetry implies that it is the same as the neutron radius ρ ν> of its Z > N mirror
Mg. On the other hand, the proton radius ρ π> of 23 Mg, that is not known, is deduced from the difference in binding energy of both nuclei, the so-called mirror displacement energy (MDE), which is measured [20] . By isospin conservation, it is considered equal to ρ ν< [1] . This is the basic idea behind the work of Duflo and Zuker [14] who fitted the experimentally known mean square proton radii with the formula
where t z ¼ N − Z. The coefficients ρ 0 , ζ, and v are associated with the scalar, vector, and tensor components of ρ π , while the e g=A factor corrects for the larger radii observed in light nuclei. The expression of the correction term D νπ may be found in Refs. [1, 14, 15] where its efficiency in providing very good radii and its physical interpretation in terms of correlations are also discussed. The vector term parametrized by ζ is strictly related to the difference of neutron and proton radii, the neutron skin:
Therefore, by fitting charge radii, the neutron radius can be deduced from ζ. It has been shown that the quality of the 5-parameters fit of all charge radii of nuclei with mass A < 60 and N > Z using Eq. (1) turns out to be independent from the value of ζ as far as it is within a reasonable range of 0.3-1.2 [1] . This offers the possibility to deduce the value of the neutron skin and, therefore, of the neutron radius ρ ν in order to reproduce the MDE, keeping the fit of all charge radii in very good agreement with data. In the same way, for each pair of analog excited states, the optimal value of ζ that allows us to reproduce the experimental MED can be determined. The trend of the calculated MED with respect to the variation of ζ is reported in Fig. 4 for A ¼ 23. Noticeably, the variation of ζ implies a shift in all the MED but does not change the relative values for the different J states: The calculated MED follow a linear trend, decreasing as ζ increases. This linear trend can be exploited to determine the optimal value of ζ, and hence of the neutron skin, needed to reproduce the experimental MED value for each level. The resulting values are reported in Table I .
Variations up to 20% in the skin are needed to reproduce the data. The experimental information on the nuclear size is generally confined to the ground state charge radii. This result is therefore of remarkable importance since it allows us to estimate the neutron skin for each excited state from the experimentally measured MED values.
To interpret this state-dependent behavior we recall the relation between the variation of the nuclear radius with the occupation of the s 1=2 orbital. Therefore, we look for a correlation of the neutron skin with the difference in occupation numbers of neutrons and protons of the s 1=2 orbit as a function of J, Δ νπ ðJÞ. We report in Fig. 5(a) the values of ζ and Δ νπ for 23 Na. The correlation is striking. We have performed the same analysis for other T ¼ 1=2 mirror pairs in the sd shell. The results, confirming the correlation between ζ and Δ νπ , are shown in Fig. 5(b) .
It is worth considering the physical meaning of this result. In the "usual" approach adopted in the systematic studies of the f 7=2 shell the radial term is related to the average occupation number of low-l orbit of protons and neutrons [2, 3] . It gives therefore an isoscalar contribution to the MED. In addition to a realistic treatment of these effects, the new generalized approach presented here also incorporates an isovector contribution to the MED, correlated to the neutron skin, through the difference between neutron and proton occupations.
It is evident from Fig. 5 how the trend of Δ νπ is in phase with ζ except for the case of the A ¼ 23 mirror nuclei. The origin of this effect is not clear and further investigations are ongoing. In summary, the level scheme of 23 Mg has been extended to high spin and compared to its mirror 23 Na, populated in the same experiment. This has allowed us to study the behavior of the MED along the rotational bands through several states up to the 15=2 þ for the first time in the sd shell. The MED have been reproduced with good accuracy by means of shell model calculations using the method successfully developed for f 7=2 -shell nuclei, here extended to the sd. The important role of the schematic radial V Cm and the ISB V B terms has been put in evidence. A novel approach based on the use of a charge-dependent realistic effective interaction and taking into account the effect of the isovector monopole polarizability has allowed us to deduce from the MED, for the first time, the neutron skin for each excited state. A striking correlation between the difference in the occupation numbers of neutrons and protons in the s 1=2 orbital and the neutron skin has been found, giving insight into the isovector contribution to the radial term of the MED.
The next goal is to find the quantitative relation between the difference in the occupation numbers of neutrons and protons of the s 1=2 orbit and the skin value. This will allow us to deduce the latter from the former and to naturally include the isovector polarizability in the interaction matrix elements used in shell-model calculations. The predictive capability of such an approach will be extremely powerful. 
